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a  b  s  t r  a  c  t
Solid  solutions  of (1−x)BaTiO3-xBaSc1/2Nb1/2O3 (BT-BSN)  with  x = 0.025,  0.05,  0.075, 0.1  and  0.125  were
prepared  by a high  temperature  solid-state  reaction  technique.  The  effects  of the Ba(Sc1/2Nb1/2)O3 addition
on  the  phase  composition,  dielectric  properties,  as  well  as  polarization-electric  ﬁeld  (P-E) loops  of the  BT-
BSN  solid  solution  were  investigated.  The  room-temperature  X-ray  diffraction  analyses  of  all  the ceramics
revealed  a perovskite  phase  after  sintering  at  1350 ◦C with  a composition-dependent  symmetry.  Temper-
ature  and  frequency  dependence  of the  dielectric  permittivity  and  losses  have  been  explored:  ceramics  of
compositions  x ≤ 0.075  showed  normal  ferroelectric  behavior,  while  ceramics  with  x ≥  0.1  were  of relaxor-ray diffraction
erroelectric
elaxor
type.  The  degree  of  diffuseness  and  the relaxor  effect  increase  while  the  transition  temperature  (TC or  Tm)
decreases  when  both  scandium  and niobium  are  introduced  in  the  BaTiO3 lattice.  Ceramics  of  composition
x  =  0.125  exhibited  interesting  relaxor  characteristics  at 10  kHz:  Tm = 20 K,  εr =  12,000,  and  Tm =  140  K.  In
addition,  modeled  using  Vogel–Fülcher  relation,  this  same  composition  showed  the  ﬁtting  parameters:
Ea =  0.0503  eV,  f0 = 1.129  × 1014 Hz and  TVF = 166.85  K.
© 2014  The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by
Elsevier  B.V.  All  rights  reserved.
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i. Introduction
Materials with a perovskite structure of general formula ABO3
ave been found to be very interesting owing to their applica-
ions in different solid-state devices. The incorporation of other
ons in the ABO3 lattice gives rise to perovskite compounds of com-
lex formula, such as AA′BO3, ABB′O3, AA′BB′O3, etc. (A and A′ are
onovalent, divalent or trivalent ions located in the dodecahedral
ite; B and B′ are divalent, trivalent, tetravalent or pentavalent ions
ocated in the octahedral site). Numerous authors have devoted
heir investigations to the lead complex perovskite with dis-
rdered cation arrangements such as Pb(Mg1/3Nb2/3)O3-PbTiO3
PMN-PT), Pb(Sc1/2Nb1/2)O3-PbTiO3 (PSN-PT), etc. These so-called
elaxor ferroelectrics are distinguished by their particular dielectric
erformance, characterized by a broad maximum with frequency∗ Corresponding author at: Crystallography and Thermodynamic Laboratory,
hemistry Faculty, U.S.T.H.B., Bab Ezzouar, Algiers, Algeria. Tel.: +213 770184875.
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hispersion, and the temperature of the dielectric permittivity maxi-
um shifts to higher values with increasing frequency. This relaxor
ehavior is related to the existence of ions with different valence
tates at the B-sites of the ABB′O3 perovskite structure. The statisti-
al ﬂuctuations of ions at the B-sites lead to local heterogeneity and
arge variations in the Curie temperature [1,2]. In addition, these
aterials present an interesting region, the so-called morphotropic
hase boundary (MPB) [3]. The subsistence of ferroelectric prop-
rties close to or within the MPB  made these materials excellent
andidates for applications as capacitors and actuators [4,5]. Actu-
lly, the majority of relaxor materials are lead-based ceramics. The
atter present a drawback due to toxicity and volatility of PbO.
herefore, to develop environment friendly materials, a great deal
f lead-reducing compositions and lead-free materials was exam-
ned. In this view, partial substitution of Pb2+ by Ba2+ has shown
nteresting dielectric performances, as observed for instance in the
a(B1/3B′2/3)O3-PbTiO3 or Ba(B1/3B′2/3)O3-PbTiO3 solid solutions
6–14]. Among them, solid solution (1−x)Ba(Mg1/3Nb2/3)O3-
PbTiO3(BMN-PT) [7] and (1−x)Ba(Sc1/2Nb1/2)O3-xPbTiO3(BSN-
T) [13] have revealed typical relaxor ferroelectric behavior. The
PB, in which the rhombohedral phase coexists with the tetrago-
al phase, changes from 70–73 mol% PT (BMN-PT) to 61–65 mol%
T (BSN-PT), and the dielectric permittivity is enhanced greatly by
ncreasing the PT content. However, these compositions present
elatively high lead content and therefore were not suitable for
nvironmental devices. Thus, in order to develop environment-
riendly materials, various studies of lead-free comparable systems
ave been achieved [15–21].
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The dielectric properties, e.g., dielectric permittivity (εr) and loss
(tan ı) of the solid solution (1−x)BaTiO3-xBaSc1/2Nb1/2O3 (x = 0.05,N. Bensemma, K. Taïbi / Journal of A
In this work, we present a similar system with fully
ead-free compositions. Our study concerns the (1−x)BaTiO3-
BaSc1/2Nb1/2O3 solid solution with x = 0.025, 0.05, 0.075, 0.1
nd 0.125, further denoted, respectively, as BT-BSN25, BT-
SN50, BT-BSN75, BT-BSN100 and BT-BSN125. The choice of
a(Ti1−xScx/2Nbx/2)O3 compositions was stimulated by their like-
ess to numerous lead-based relaxor ferroelectrics in which the
egree of order in A(B1/2B′1/2)O3 complex perovskites depends
n the differences between the ionic charges and the radii of
 and B′ cations [22]. In our case, the difference in the charge
nd ionic radius of Sc3+ (r = 0.745 A˚), Nb5+ (r = 0.640 A˚) and Ti4+
r = 0.605 A˚) [23] introduces a compositional heterogeneity favor-
ble to relaxor behavior. Contrary to BSN-PT or BMN-PT systems,
e have explored lead-free compositions close to BaTiO3. The
tructural, dielectric and ferroelectric properties were investigated
nd discussed.
. Materials and methods
The materials under investigation were synthesized via the con-
entional solid-state reaction route. The starting materials were
owders of BaCO3, TiO2, Nb2O5 and Sc2O3 (all Sigma–Aldrich, USA).
toichiometric amounts of constituent chemicals were milled in
sopropanol medium in attrition mill at 600 rpm for 2 h, using
olyethylene vial and yttrium-stabilized zirconia (YSZ) millings
ith a diameter of 3 mm.  The homogenized powder mixtures were
ried for 3 h at 100 ◦C.
The mixture was then calcined in oxygen atmosphere at 1300 ◦C
or 2 h at a heating and cooling rate of 5 ◦C/min. Prior to further
rocessing the as-calcined powders were again attrition-milled at
00 rpm for 3 h. The sintering curve of these powders was recorded
sing a heating-stage microscope (LeitzWetzlar, Germany) in the
emperature range between 25 and 1400 ◦C at a heating rate of
0 ◦C/min in air. The obtained powders were isostatically pressed at
00 MPa  into compact disks of about 8 mm diameter. The resulting
owder compacts were sintered in oxygen ﬂow at 1350 ◦C for 2 h
t heating and cooling rates of 5 ◦C/min in a platinum crucible.
The densities of sintered ceramics were determined from the
iquid displacement technique based on the Archimedes principle.
To determine phase composition, symmetry and unit cell
arameters, X-ray powder diffraction was used. Diffraction data
ere collected at room temperature by a PaNalytical X’Pert PRO
PD  diffractometer (Almelo, Netherlands) using CuK1 radiation
 = 1.5406 A˚) in the 2 range from 18◦ to 108◦ in steps of 0.02◦ with
0 s counting time for each step.
For electrical characterization, Cr/Au electrodes with diameter
f 6 mm were magnetron sputtered (5 Pa) on approximately 1-mm
hick samples. The dielectric permittivity and the dielectric losses
ere measured on cooling in the 102–106 Hz frequency range,
sing an HP4192A meter (Yokogawa-Hewlet-Packard, Tokyo).
mplitude of the probing AC electric ﬁeld was  1 V. Ferroelec-
ric hysteresis loops were measured at room temperature with a
onventional computer interfaced Sawyer–Tower circuit at a fre-
uency of 30 Hz.
. Results and discussion
.1. Sintering and structural analysis
To specify the optimal sintering temperature, a sintering curve
f the BT-BSN100 powder compact was measured (Fig. 1). The
ighest sintering rate was observed between 1300 and 1400 ◦C;
herefore, for all the samples the sintering temperature was  found
o be equal, at 1350 ◦C. Relative densities of the sintered ceramics FFig. 1. Sintering curve of the BT-BSN100 powder compact.
btained by the Archimedes method are presented in Table 1. The
heoretical density was  calculated from the known phase compo-
ition and unit cell volume. The densities of the specimens are in
he range between 96% and 98% of the theoretical density.
The X-ray diffraction proﬁles of all the samples have revealed
hat no parasite phase exists. Only peaks corresponding to the
erovskite phase are present (Fig. 2). The obtained XRD patterns
ere subjected to cell and proﬁle parameters reﬁnement using a
lobal proﬁle-matching method with “fullprof” software [24]. The
tructure and lattice parameters for (1−x)BaTiO3-xBaSc1/2Nb1/2O3
re listed in Table 1. It is notable that as Sc/Nb doping in BaTiO3
ncreases, the c lattice parameter decreases and the a lattice param-
ter increases, while the unit cell volume increases steadily. In
ddition, the c/a values are found to become smaller by the partial
ubstitution of Ti4+ by Sc3+ and Nb5+, indicating the formation of a
ore typical cubic phase. These evolutions could be related to the
alues of ionic radii: both (rSc3+ = 0.745 Å ) and (rNb5+ = 0.640 Å ),
hich are quite higher than (rTi4+ = 0.605 Å ) [23].
.2. Dielectric studiesig. 2. XRD patterns of (1−x)BaTiO3-xBaSc1/2Nb1/2O3 solid-solution ceramics.
134 N. Bensemma, K. Taïbi / Journal of Asian Ceramic Societies 2 (2014) 132–137
Table  1
Structure and lattice parameters of different compositions in the (1−x) BaTiO3-xBaSc1/2Nb1/2O3 system.
Compositions (x) Structure a (A˚) c (A˚) c/a V (A˚3) Relative density (%)
x = 0.025 Tetragonal 4.0032(2) 4.0195(4) 1.004 64.415(6) 96
x  = 0.05 Tetragonal 4.0051(3) 4.0174(5) 1.003 64.442(4) 98
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in these compositions (Fig. 5(b)–(d)), the value of the Curie–Weissx  = 0.075 Cubic 4.0120(5) 
x  = 0.1 Cubic 4.0130(1) 
x  = 0.125 Cubic 4.0135(2) 
.075, 0.1 and 0.125), were measured as functions of both tem-
erature and frequency. The thermal and frequency variations of
he dielectric permittivity and dielectric losses as well as the tem-
erature variation of 1/εr at 10 kHz exhibited different behaviors
epending upon the substitution rate (Figs. 3–5).
For the composition BT-BSN50, three phase transitions are
learly observed in the dielectric permittivity vs. temperature
urve (Fig. 3(a)), most probably corresponding to the phase transi-
ions from rhombohedral to orthorhombic (254 K), orthorhombic
o tetragonal (292 K) and tetragonal to cubic (338 K), respectively.
ll these change sequences were distinctive of the classical (or
ormal) ferroelectric materials. The dielectric peak at the Curie
emperature (TC = 338 K) is very sharp and was not dependent on
he frequency.
For BT-BSN75 (i.e., niobium and scandium content increased),
here is only one transition at 269 K (Fig. 3(b)), which could be
elated to the ferroelectric–paraelectric phase transition.
The compositions with x = 0.1 and 0.125 (i.e., BT-BSN100
nd BT-BSN125) show broad peaks of dielectric permittiv-
ty with frequency dispersion (Fig. 4(a) and (b)). With the
ncrease in frequency, the maximum of dielectric permittiv-
ty decreases, while the resultant maximum temperature shifts
ig. 3. Temperature and frequency dependence of the dielectric permittivity and
oss tangent of the compositions with (a) x = 0.05 and (b) x = 0.075.
t
t
t
F
l1.000 64.578(2) 96
1.000 64.626(5) 97
1.000 64.650(6) 96
owards high values, indicative of relaxor ferroelectric behav-
or.
The thermal variation of dielectric constant above the Curie
emperature (in paraelectric phase region) can be described gen-
rally by a Curie–Weiss law, Eq. (1):
1
εr
= T − T0
C
(T > TC ) (1)
here T0 is the Curie–Weiss temperature and C is the Curie–Weiss
onstant. In fact, Fig. 5 shows the plot of the inverse of εr as a
unction of temperature at 10 kHz and the ﬁt according to the
urie–Weiss law. The ﬁtting parameters (C and T0) are given in
able 2.
It can be seen that the temperature dependence of 1/εr for BT-
SN50 (Fig. 5(a)) is in good agreement with the Curie–Weiss law in
he paraelectric region (T > TC). However, the broadened peaks for
.075 ≤ x ≤ 0.125 indicated that the transitions were of the diffuse
ype, which is conﬁrmed by the deviation from the Curie–Weiss lawemperature T0 was greater than that of Tm. The dielectric permit-
ivity follows the Curie–Weiss law at T > Tdev (Tdev represents the
emperature at which εr starts to deviate from the Curie–Weiss
ig. 4. Temperature and frequency dependence of the dielectric permittivity and
oss tangent of the composition with (a) x = 0.1 and (b) x = 0.125.
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Tm = Tm (1 MHz) − Tm (10 kHz) (4)
The values of Tm for all the studied samples are determined from
the permittivity data and presented in Table 2. These data furtherig. 5. Thermal variation of 1/εr at 10 kHz for compositions (a) x = 0.05, (b) x = 0.075
he  Curie–Weiss law).
aw). Furthermore, the relaxor character appears at low tempera-
ures and the values of the maximum permittivity decrease with
he increase in Sc/Nb concentration. Nevertheless, these values
emain relatively important, probably owing to the contribution
f electronic and ionic conductivities in these materials.
Moreover, the investigation on the ferroelectric relaxor process
as given rise to various physical and/or structural interpretations.
n our compositions, the relaxor behavior can be explained on
he basis of compositional ﬂuctuation and/or random local electric
elds and stress-induced phase transition due to Sc3+, Nb5+ and
i4+ ions distributed randomly in the B-site [25,26]. Thus, a mod-
ﬁed Curie-Weiss law involving a parameter noted  was used to
escribe the diffuseness of the broadened peaks in the paraelectric
hase [27,28]; it is deﬁned by Eq. (2) below:
1
εr
− 1
εm
= (T − Tm)

C
(2)
In our case, the plots of ln(1/εr − 1/εm) vs. ln(T − Tm) at 10 kHz for
he compositions x ≥ 0.05 showed nearly linear variation (Fig. 6).
or different compositions x, the mean value of the diffusivity 
as extracted from these plots by ﬁtting a straight-line equation.
e  noted that  increases from 1.40 to 1.92 with the increased
oping level (Table 2). This result indicated the existence of relaxor
ehavior for compositions with x ≥ 0.1.
able 2
ummary of some physical parameters of the BT-BSN ceramics.
Compositions
x = 0.05 x = 0.075 x = 0.1 x = 0.125
TC (or Tm) (K) 338 268 214 140
T0 (K) 331 282 223 214
C  (105 K) 2.34 2.20 2.42 2.74
Tdev (K) – 318 279 284
T  (K) – 50 65 144
Tm 1 3 9 20
  1.40 1.55 1.78 1.92 F
1= 0.1 and (d) x = 0.125 (blue curve are the experimental data; red line, the ﬁtting to
Moreover, to describe the diffuseness of the phase transition, a
arameter T  was used [27]; Eq. (3):
T  = Tdev − Tm (3)
he values of T for BT-BSN compositions are reported in Table 2.
T increases with the rise in x and then reaches the highest value
or BT-BSN125 (T = 144 K), which conﬁrms the composition-
nduced diffuse phase transition behavior in the BT-BSN ceramics
ith x ≥ 0.1.
Moreover, to quantify frequency dispersion of Tm (or relaxation
egree), a parameter Tm was  deﬁned by Eq. (4) [29]:ig. 6. Plots of ln(1/εr − 1/εm) vs. ln(T − Tm) for x = 0.05, 0.075, 0.1 and 0.125 at
0  kHz.
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pig. 7. Plot of log (f) as a function of Tm for BT-BSN125 sample (the symbols: exper-
mental data; the red dashed curve: ﬁtting to the Vogel–Fülcher relation).
onﬁrmed that the compositions with x ≥ 0.1 belong to the relaxor
erroelectrics.
All the characterizations done above on the basis of the
urie–Weiss law and the value of the empirical parameters such
s T,  and Tm have conﬁrmed that the ceramics with x ≤ 0.075
ere normal ferroelectrics, while those with x ≥ 0.1 were of the
elaxor type. On the contrary, increase in Tm has been observed
nd consequently, the relaxor effect was ampliﬁed when the com-
osition has deviated from BaTiO3. Such results have also been
btained for other lead-free perovskite relaxors [30,31].
The relaxor ferroelectric behavior could be equally described by
he Vogel–Fülcher relation [25,32]; Eq. (5):
 = f0 exp
(
Ea
kB
(T − TVF)
)
(5)
here f0 is the attempt frequency, Ea is a measure of average acti-
ation energy, kB is the Boltzmann constant and TVF is the freezing
emperature.
Fig. 7 shows the plot of ln(f) vs Tm for the sample BT-BSN125.
he experimental curve was ﬁtted using the above Vogel–Fülcher
ormula. The ﬁtting parameters of Vogel–Fülcher relation were
a = 0.0503 eV, f0 = 1.129 × 1014 Hz and TVF = 166.85 K. As shown in
his ﬁgure, the model accounts well for the data, suggesting that
he relaxor behavior in the present composition is similar to that of
 spin glass model with polarization ﬂuctuations beyond the static
reezing temperature. One of the characteristics of the dipolar glass
ystem as well as relaxor ferroelectrics is the appearance of a low-
requency dielectric loss peak below Tm. The loss peaks shift to
ower frequencies on decreasing the temperature, indicating the
hermally activated nature of the dielectric relaxation [29]. This
henomenon can be observed clearly for BT-BSN0.125 composition
Fig. 5). By analogy with spin glasses, relaxor behavior is related to
he existence of the broad range of relaxation times. In fact, the
ebye model is characterized by a single relaxation time, whereas
n relaxor there is a distribution of relaxation times. Therefore, the
ocal environment seen by individual dipoles differs from site to
ite. This leads to a very large dispersion, which is reminiscent of
hat found for orientational glasses.
Although BT-BSN and BSN-PT systems seem to be similar, they
resent some important differences: For lead BSN-PT compositions, i.e. [(1 − y)BaSc1/2Nb1/2O3 −
yPbTiO3], the ferroelectric and particularly the relaxor effect
(0.53 ≤ y ≤ 0.58) appear for the high concentration of BSN and PT.
p
a
a
sig. 8. P-E hysteresis loop curves of various compositions of the BT-BMN ceramics.
Therefore, despite their interesting dielectric characteristics, they
were not suitable for environmental devices.
 The lead-free BT-BSN compositions, i.e. [(1 − x)BaTiO3-
xBaSc1/2Nb1/2O3], exhibit ferroelectric and relaxor behavior
for a weak content of BSN (0.025 ≤ x ≤ 0.125).
.3. Ferroelectric properties
Polarization-electric ﬁeld (P-E) measurements of the BT-BSN
eramics were performed at room temperature and 30 Hz (Fig. 8).
t is clearly evident that the shape of the P-E loops and the
olarization values are signiﬁcantly inﬂuenced by the ceramic com-
ositions.
The loop of the BT-BSN50 sample shows larger hysteresis com-
ared to the loops of the BT-BSN75, BT-BSN100 and BT-BSN125
amples. The values of remnant polarization Pr and coercive ﬁeld
c can be evaluated from Fig. 8.
The composition BT-BSN50 exhibits a well-saturated hysteresis
oop with a remnant polarization Pr of 8.057 C/cm2. As x increases,
he loop starts to tilt and becomes slim. In these compositions (BT-
SN100 and BT-BSN125), the remnant polarization is practically
ero. These results are in agreement with the crystal symmetry
f the samples at room temperature, which is tetragonal in the
T-BSN50 and paraelectric cubic phase with Tm below room tem-
erature for the compositions with x ≥ 0.075.
. Conclusions
Dense and XRD phase-pure (1−x)BaTiO3-xBaSc1/2Nb1/2O3
eramics, with x ranging from 0.025 to 0.125, have been synthe-
ized using the conventional solid-state reaction route. The room
emperature XRD data reﬁnement revealed a tetragonal and cubic
erovskite-type structure. For x ≤ 0.075, a typical ferroelectric to
araelectric phase transition is observed, while for x ≥ 0.1 the phase
ransition becomes diffuse and shows a relaxor behavior. The max-
mum of the permittivities (about 12,000) was higher than that of
SN-PT or BMN-PT compositions. In return, the temperature of the
aximum dielectric permittivity Tm was lower and decreased with
ncreasing values of x. The temperature of the maximum dielectric
ermittivity Tm decreased with increasing values of x. For the com-
osition BT-BSN125, the frequency dependence of Tm is in good
greement with the Vogel–Fülcher model. This behavior may  be
ttributed to the microscopic cluster disorder originating from the
imultaneous substitution of Ti by Nb and Sc.
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Such lead-free ceramics are of interest for environmental
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